To test the deterioration of endothelial function during the progression of diabetes, shear stressinduced dilation (SSID; 10, 20, and 40 dyn/cm 2 ) was determined in isolated mesenteric arteries (80 -120 m in diameter) of 6-wk (6W), 3-mo (3M), and 9-mo (9M)-old male db/db mice and their wild-type (WT) controls. Nitric oxide (NO)-mediated SSID was comparable in 6W WT and db/db mice, but the dilation was significantly reduced in 3M db/db mice and declined further in 9M db/db mice. Vascular superoxide production was progressively increased in 3M and 9M db/db mice, associated with an increased expression of NADPH oxidase. Inhibition of NADPH oxidase significantly improved NOmediated SSID in arteries of 3M, but not in 9M, db/db mice. Although endothelial nitric oxide synthase (eNOS) expression was comparable in all groups, a progressive reduction in shear stress-induced eNOS phosphorylation existed in vessels of 3M and 9M db/db mice. Moreover, inducible NOS (iNOS) that was not detected in WT, nor in 6W and 3M db/db mice, was expressed in vessels of 9M db/db mice. A significantly increased expression of nitrotyrosine in total protein and immunoprecipitated eNOS was also found in vessels of 9M db/db mice. Thus, impaired NO bioavailability plays an essential role in the endothelial dysfunction of diabetic mice, which becomes aggravated when endothelial nitrosative stress is further activated via perhaps, an additional iNOS-mediated pathway during the progression of diabetes.
of signaling molecules, further impairing the endothelial function in diabetes (5, 19, 22, 35, 36) . Many models of diabetic animals have been developed, among which db/db mice (a point mutation in the gene for the leptin receptor) have been accepted to be a specific model of type 2 diabetes. Consistent with the phenotypic changes of type 2 diabetes in db/db mice, the underlying mechanisms for the cardiovascular dysfunction in response to the mutation of leptin receptor remain unclear. Nevertheless, studies have shown that in the context of obesity, peripheral insulin resistance contributes to the endothelial dysfunction in db/db mice (1) . Depletion of protein tyrosine phosphatase 1B, an insulin-desensitizing enzyme, improves acetylcholine-induced dilation in mesenteric arteries of db/db mice via a mechanism of increasing NO bioavailability. Similarly, we have also demonstrated that flow-induced dilation in coronary arteries of db/db mice is remarkably reduced, resulting mainly from an increased NADPH oxidase-derived superoxide that diminishes NO-mediated responses (2, 3) .
Despite the fact that some underlying mechanisms for endothelial dysfunction in db/db mice have been explored, studies that investigate the progression of endothelial dysfunction in the advanced stage of diabetes are still sparse. To this end, the present study aimed to test the hypothesis that endothelial dysfunction is exacerbated during the progression of diabetes. Shear stress-induced dilation (SSID) in mesenteric arteries of 6-wk (6W), 3-mo (3M), and 9-mo (9M)-old db/db and wildtype (WT) control mice was assessed. We demonstrated that physiological maturation per se is not a major contributor to the exacerbation of endothelial dysfunction; rather, the pathological progression of oxidative stress and malfunction of eNOS are the major contributors to the exacerbation of endothelial dysfunction. As observed, db/db mice develop obesity, hyperglycemia, and hyperinsulinemia after their first month and do not survive longer than 10 mo. In this context, 3M and 9M db/db mice used in the present study could be defined as early and advanced diabetic, respectively, whereas 6W db/db mice could be defined as being in a prediabetic condition.
MATERIALS AND METHODS
Animals. 6W, 3M, and 9M male db/db mice (homozygous for the mutation of Lepr db , a model of type 2 diabetes; Jackson Laboratory) and WT controls (C57BL/J) were used. Experimental protocols were approved by the Institutional Animal Care and Use Committee of New York Medical College and conformed to the current guidelines of the National Institutes of Health and the American Physiological Society for the care and use of laboratory animals.
Measurements of serum glucose and insulin. Serum glucose and insulin concentrations were measured with glucose assay kits (Sigma) and mouse ELISA kits (ALPCO Diagnostic), respectively (3) .
Shear stress-induced dilation. As described previously (36) , mesenteric arteries (80 -120 m in diameter) were isolated from db/db and WT mice. Vessels were cannulated in a vessel chamber and perfused with MOPS-buffered physiological salt solution (PSS) at 37°C, pH 7.4. Intravascular pressure was maintained constant at 80 mmHg. After 1 h of stabilization, vessels developed spontaneous tone that reached to a basal tone of ϳ65% maximal diameter. Wall shear stress () was generated by increasing perfusate flow via a syringe pump (Harvard Apparatus). The flow rate (Q) was determined by the equation of ϭ 4Q/r 3 , in which the radius (r) of vessels was measured before the onset of flow. 0.0069 poise was used for the viscosity () of PSS at 37°C. Changes in diameter in response to step increases in shear stress (10, 20 , and 40 dyn/cm 2 ) were recorded in the control condition and in the presence of nitro-L-arginine methyl ester (L-NAME, 300 M) or 3-benzyl-7-(2-benzoxazolyl)thio-1,2,3-triazolo(4,5-d)pyrimidine (VAS2870, 5 M; Enzo Life Sciences), respectively. VAS2870 has been used to inhibit vascular NADPH oxidase in cultured cells and in isolated vessels and has been demonstrated to have higher specificity in the inhibition of vascular NADPH oxidase than that of diphenylene iodonium or apocynin (34) . Dilation to an NO donor (acidified NaNO 2 10 Ϫ11 -10 Ϫ6 M) was also assessed in the presence of L-NAME. Inhibitors were added into the vessel chamber directly at least 30 min prior to assessments. At the conclusion of the experiments, vessels were incubated in Ca 2ϩ -free MOPS-PSS with 1 mM EGTA for 10 min. The diameter recorded at this condition was defined as the passive diameter (PD).
Western blot analysis. Equal amounts of total proteins isolated from mesenteric arteries were separated by SDS-PAGE. Proteins separated on the denaturing gels were transferred to nitrocellulose membranes, which were then probed with antibodies to eNOS, nNOS, inducible NOS (iNOS), Nox-2 (BD Transduction Laboratories), phospho-eNOS (Ser 1177 ) (Cell Signaling), Nox-1 (Mox1), Nox-2 (Santa Cruz Biotechnology), and ␤-actin (Sigma-Aldrich). Prestained color protein markers (EZ-RUN, 170 -10KD; Fisher Scientific) were used for monitoring protein separation and transfer efficiency. Immunoreactive bands were detected with an appropriate second antibody and visualized with a chemiluminescence kit (Pierce). Specific bands were normalized to ␤-actin. In separate experiments, the protein was extracted from shear stress (20 dyn/cm 2 for 10 min)-stimulated mesenteric arteries. The ratio of phosphorylated eNOS (p-eNOS) and eNOS was then determined.
In experiments of immunoprecipitation of eNOS (36) , the proteins isolated from mesenteric arteries of mice were incubated overnight with eNOS antibody and protein A/G beads. The immunocomplexes were then subjected to SDS-PAGE, followed by Western blot analysis with anti-nitrotyrosine antibody (Upstate).
Detection of superoxide production. Superoxide production in isolated mesenteric arteries was measured from quantifying the chemiluminescence of 5 M lucigenin in a liquid scintillation counter (LS6000IC; Beckman Instruments). Vessels of 3M and 9M WT and db/db mice were incubated in Krebs-HEPES buffer (pH 7.4) at 37°C in the control and in the presence of apocynin (10 M) or VAS2870 (5 M), inhibitors of NADPH oxidase, or L-NAME (300 M) for 60 min. Vessels of 3M db/db mice were also incubated with ANG II (100 nM; a stimulus of NADPH oxidase) before and after administration of VAS2870. After incubation, vessels were transferred to scintillation vials containing 1 ml of Krebs-HEPES/lucigenin (5 M) solution and counted in the scintillation counter over the next 10 min. Average chemiluminescence of each sample was subtracted with background signals determined from the vials without vessels. After that, every vessel was completely digested with 50 l of 1 N NaOH, and the amount of total protein was determined. The final superoxide production was expressed as counts per minute per microgram of protein.
Statistical analysis. Data are expressed as means Ϯ SE. Changes in the diameter of vessels in response to increases in shear stress, as well as to NaNO2, were normalized to their PD and were expressed as % of PD. All raw data were included and grouped for statistical analysis. Statistical significance was calculated by Student's t-test and by repeated-measures, two-way ANOVA, followed by the TukeyKramer multiple-comparison test. Significance level was taken at P Ͻ 0.05.
RESULTS
Hyperglycemia and hyperinsulinemia in db/db mice. Table 1 shows serum glucose and insulin concentrations in db/db and WT mice. In db/db mice, serum glucose increased significantly in 3M and further increased in 9M of age. Serum insulin level was three-fold higher in 3M db/db than in age-matched WT mice. It declined in 9M db/db mice, but it was still significantly higher than that of 9M WT controls. Serum levels of glucose and insulin were slightly increased in 6W db/db compared with age-matched WT mice, but the increments did not reach statistical significance.
Impaired endothelial function during progression of diabetes. To determine endothelial dysfunction at different stages of the disease, changes in diameter of mesenteric arteries in response to step increases in shear stress were assessed in WT and db/db mice. As shown in Fig. 1 , SSID was comparable in vessels of 6W WT and db/db mice, suggesting a yet unchanged endothelial function in prediabetic condition. Inhibition of NO synthesis initiated an equal reduction of SSID in both groups of vessels. In contrast, SSID was steadily attenuated in arteries of 3M and 9M db/db compared with their age-matched WT mice. This attenuation was greater in 9M than in 3M db/db mice. In the presence of L-NAME, however, the difference in SSID, between WT and db/db mice, disappeared, indicating that the reduced SSID in vessels of diabetic mice was mainly due to an impaired NO-mediated dilation. The endothelium-independent dilation to acidified NaNO 2 ( Fig. 2 ) was comparable in all six groups of mice. Of note, there was no significant difference in SSID between vessels of 3M and 9M WT mice, implying that the process of natural maturity per se is not a major contributor to the deterioration of endothelial function during the development of diabetes. Elevated superoxide production in db/db mice. Expression of NADPH oxidase, one of the primary sources of superoxide production in the vasculature, was assessed by Western blot analysis. As shown in Fig. 3, A and B, the expression of Nox-2 (gp91) was increased significantly in 3M db/db vessels and increased additionally in that of 9M db/db mice. The expression of Nox-1 was unchanged. Congruent with the upregulation of Nox-2, superoxide production in arteries of 3M and 9M db/db mice was significantly increased (Fig. 3C) . The increment was greater in 9M than that of 3M db/db mice. Inhibition of NADPH oxidase with apocynin or VAS2870 decreased vascular superoxide production in db/db mice to a level similar to that in WT mice. Inhibition of nitric oxide synthase with L-NAME did not affect superoxide production in db/db mice, indicating that eNOS uncoupling is not the major source responsible for the increased superoxide production in mesenteric arteries of db/db mice. We also found that VAS2870 inhibited ANG II-induced superoxide production in 3M db/db mice (Fig. 3D) , confirming further the effectiveness of VAS2870 on the inhibition of vascular NADPH oxidase. The role of NADPH oxidase-derived superoxide in the interruption of NO-mediated dilation was further revealed, as shown in Fig. 4 that blockage of NADPH oxidase with VAS2870 restored significantly the attenuated SSID in arteries of 3M db/db mice. This restoration was sensitive to L-NAME, suggesting an NO-mediated response. However, inhibition of NADPH oxidase did not improve SSID in vessels of 9M db/db mice.
Continuously altered NOS signaling during the process of diabetes. To determine whether, in addition to increased superoxide production, an altered expression of eNOS also plays a role in the impaired SSID of db/db mice, Western blot analysis was used to detect vascular expressions of eNOS and shear stress-stimulated p-eNOS. Fig. 5 shows that eNOS expression was comparable in vessels of all six groups (Fig. 5A ), but shear stress-induced p-eNOS, an index of eNOS activation, was significantly decreased in 3M and 9M db/db mice compared with their age-matched WT controls (Fig. 5, B and C) . The reduction in p-eNOS was more severe in 9M compared with 3M db/db mice, indicating a progressive impairment of eNOS activation as the progression of diabetes. Natural aging does not significantly affect shear stress-induced eNOS activation, as indicated by the comparable expression of p-eNOS in both ages of WT mice. In addition to the unchanged eNOS expression, nNOS expression was not detected (data not shown) in any of the vessels. However, a predominant expression of iNOS was only observed in vessels of 9M db/db mice (Fig. 5A) . Of six 9M db/db mice, five showed positive iNOS expression. The upregulated iNOS in age-advanced diabetic vessels (Fig. 5A) coexisted with a significant reduction in p-eNOS expression (Fig. 5B) and augmentation of nitrotyrosine level for immunoprecipitated eNOS (Fig. 5D ) and total protein as well (Fig. 5E) . These results indicate that increased protein nitration, specifically eNOS nitration, which most likely is a result from the increased expression of iNOS and superoxide production, exacerbates endothelial function during the progression of diabetes.
DISCUSSION
The present study revealed a diabetic progression-dependent deterioration of endothelial function, characterized by a normal (prediabetes; 6W) to an impaired (early stage of diabetes; 3M), Fig. 1 . Shear stress-induced dilation in mesenteric arteries of 6-wk, 3-mo, and 9-mo-old db/db and wild-type (WT) mice in control conditions and after inhibition of nitric oxide (NO) synthesis with nitro-L-arginine methyl ester (L-NAME) (n ϭ 12 for each group). *Significant difference between the curves of control and L-NAME, P Ͻ 0.05. #Significant difference between the curves of WT and db/db, P Ͻ 0.05. Fig. 2 . NaNO2 (NO donor)-induced dilation in mesenteric arteries of 6-wk, 3-mo, and 9-mo-old db/db and WT mice (n ϭ 12 for each group).
and finally a deficient (advanced stage; 9M) NO-mediated SSID during the process of the disease. The underlying mechanisms involve altered eNOS, NADPH oxidase, and iNOS signaling, which in concert, potentiate oxidative stress and exacerbate endothelial dysfunction.
Of note, compared with 3M WT mice, age-matched db/db mice have a three-fold increase in serum glucose that was associated with a parallel increase in serum insulin (hyperinsulinemia), a characteristic of insulin resistance. Further elevated glucose concentrations in 9M db/db mice were associated with greatly reduced insulin levels, a phenomenon that is also observed in advanced diabetic patients. This reduction in circulating insulin observed in 9M db/db mice does not necessarily mean any improvement in metabolic actions of insulin, but rather is indicative of a decompensation of pancreatic ␤-cells and an irretrievable loss of the metabolic function of insulin. This is evidenced by a dramatically high circulating glucose (Table 1) , exacerbated endothelial dysfunction (Figs.  1, 3, and 4) , and severely impaired eNOS activity, followed by activation of iNOS signaling (Fig. 5) . These phenomena could also explain the observation that db/db mice became feeble at ϳ10 mo of age, followed by a soaring rate of mortality.
Impaired NO mediation of shear stress-induced dilation in diabetes. Shear stress initiated by increases in blood flow is one of the most important regulators of the cardiovascular system. Vascular endothelium responds rapidly and sensitively to shear stress, leading to vasodilation that is primarily mediated by NO (17) . In this context, SSID is used as a reproducible and accessible parameter to probe endothelial function. Reduced SSID observed in many cardiovascular diseases, such as hypertension, heart failure, and aging as well, is an important index of endothelial dysfunction (16, 31, 32, 36) . In the present study, we tested endothelial function of arteries at different stages of diabetes, and demonstrated that SSID was close to normal in 6W db/db mice, suggesting maintained vascular endothelial function before a prolonged exposure of the vessels to the hyperglycemia and hyperinsulinemia. SSID became significantly attenuated in the early (3M) stage, and further reduced in the advanced (9M) stage of diabetes (Fig. 1) . This reduced endothelium-dependent dilation in resistant arteries may well contribute to the increased blood pressure in db/db mice (2, 30) . Specific role of NO in the mediation of SSID was confirmed by inhibition of the responses with L-NAME in WT, as well as in prediabetic mice. The inhibitory effect of L-NAME was significantly reduced in 3M db/db vessels, and became deficient in those of 9M db/db mice, indicating a steady deterioration of endothelial function during the diabetic process. The comparable endothelium-independent dilator responses in all groups (Fig. 2) reflected normal smooth muscle responsiveness.
NO and superoxide interaction in shear stress-induced dilation. Emerging evidence indicates the role of superoxide in the pathogenesis of cardiovascular disorders by interacting with endothelial nitric oxide (35) . As one of the primary enzymes responsible for the generation of superoxide in the vasculature, NAD(P)H oxidase was upregulated in vessels of db/db mice (Fig. 3, A and B) . Because endothelium-independent dilator responses in vessels of both db/db and WT mice were comparable, we hypothesized that an impaired NO bioavailability is responsible for the attenuated SSID in db/db mice. Indeed, we Fig. 3 . Protein expression of Nox-1, Nox-2, and ␤-actin (A and B; n ϭ 3 blots) and superoxide production in the control and in the presence of apocynin, VAS2870, and L-NAME (C; n ϭ 6 -9 for each group) in mesenteric arteries of 3-and 9-mo-old WT and db/db mice. D: effects of VAS2870 (VAS) on ANG II-induced superoxide production in mesenteric arteries of 3-mo-old db/db mice (n ϭ 4). *Significant difference between groups, P Ͻ 0.05. demonstrated that NADPH oxidase-dependent production of superoxide in arteries of db/db mice continuously increased along with the progression of the disease (Fig. 3C ). This elevated oxidative stress impairs NO bioavailability, leading to the attenuated SSID. Mechanisms responsible for the upregulated Nox-2 in vessels of db/db mice remain unclear. Obesity and insulin resistance-associated inflammatory factors, including leptin, have been suggested to induce oxidative stress (9, 29) . Increased gene expression of Nox-1 has also been found in mesenteric arteries of db/db mice, as indicated by the fact that correcting insulin resistance reduces Nox-1 expression and improves acetylcholine-induced dilation (1) . There is growing debate as to the specificity of apocynin as a specific inhibitor NADPH oxidase (14) . For this reason, VAS2870, a specific NADPH oxidase inhibitor, was used. The specificity of VAS2870 to inhibit NADPH oxidase in mesenteric arteries of db/db mice was confirmed by its inhibitory effect on ANG II-induced superoxide production (Fig. 3D) . But, the specificity of VAS2870 to the isoform(s) of NADPH oxidase needs to be further determined. To further characterize the role of increased Nox-2-derived superoxide production in the endothelial dysfunction of db/db mice, SSID was evaluated before and after administration of VAS2870 (Fig. 4) . The results indicated that VAS2870 that did not affect vascular responses in control mice (Fig. 4, A and B) , restored significantly the attenuated dilator responses in vessels of 3M db/db mice and also the restored portion of the responses was prevented by L-NAME (Fig. 4C) , indicating that NADPH oxidase-derived superoxide impairs SSID through scavenging of NO. In agreement with our findings, other studies reported that suppression of oxidative stress improves glucose metabolism, insulin resistance, and vascular function in type II diabetes (18) . Other vasodilator mechanisms seem less affected by the increased oxidative stress in diabetes. In db/db mice, endothelium-derived hyperpolarizing factor (EDHF)-induced dilation in mesenteric arteries is preserved (25) . Promoting EDHF-mediated response may compensate for the impaired NO-dependent vasodilator responses in vessels of db/db mice (26, 38) .
Role of nitrotyrosine in the deterioration of endothelial function. Unlike the restoration of NO-mediated SSID with inhibition of NADPH oxidase in arteries of 3M db/db mice, VAS2870 failed to restore the responses in vessels of 9M db/db mice (Fig. 4D) . Thus, some additional mechanism(s) may contribute to the failure of scavenging superoxide in the prevention of endothelial dysfunction in advanced diabetes. Because p-eNOS is essential for shear stress-stimulated activation of eNOS (4) and the insulin-related activation of eNOS employs a phosphorylation-dependent mechanism, which involves insulin receptor tyrosine kinase, PI3 kinase, Akt, and eNOS (21), we hypothesized the presence of impaired eNOS activity in diabetic mice. As expected, p-eNOS was attenuated in the early stage of diabetes, but then basically disappeared in the advanced stage (Fig. 5B) , implying a deficiency of functional eNOS. Additionally, these arteries expressed iNOS that was undetectable in vessels of other groups (Fig. 5A) . Our results were supported by other studies indicating that pathogenesis of diabetes involves expression of iNOS (6, 8) that serves as a source of NO to trigger the production of free radicals/peroxynitrite (13, 23) . In type 1 diabetes, impairment of endothelium-dependent relaxation was also demonstrated to be related to an increased iNOS expression (12) . Moreover, Western blot analysis showed significantly greater nitrotyrosine levels for immunoprecipitated eNOS and total vascular protein in 9M db/db vessels (Fig. 5, D and E) . This suggests Fig. 4 . Shear stress-induced dilation in mesenteric arteries of 3-and 9-mo-old db/db and WT mice in control and after inhibition of NADPH oxidase with VAS2870 (n ϭ 8 for each group). In the group of 3-mo-old db/db mice, additional L-NAME was administered in the presence of VAS2870. *Significant difference from control, P Ͻ 0.05. that additional increases in nitrosative stress may further worsen eNOS function, leading to an abolished NO-mediated SSID. Although nitrotyrosine was initially believed to be a specific marker of peroxynitrite generation, other pathways can also induce tyrosine nitration. Thus, nitrotyrosine is now generally considered to be a collective index of reactive nitrogen species, rather than a specific indicator of peroxynitrite formation (24) . Oxidative/nitrosative damage plays critical roles in diabetic cardiovascular dysfunction, as evidenced by the fact that its pathophysiological alterations can be prevented by antioxidants, NOS inhibitors, as well as by peroxynitrite neutralization agents (10) . Consistently, we, as well as others provided evidence for the role of nitrotyrosine in the endothelial dysfunction via uncoupling of eNOS to increase superoxide production (33, 36) . On the basis of the proposed feed-forward mechanism (20) , initial activation of Nox-2 in diabetic arteries promotes the activation of other oxidases to produce more reactive oxygen species. This mechanism, therefore, may also function in the diabetic process presented in our study. In addition, superoxide activates redox-sensitive transcription factors to initiate induction of genes that may participate in the modulation of endothelial function. In this context, we did find an association between the upregulation of Nox-2 and elevated expressions of phospho-p38 and phospho-JNK MAP kinase (data not shown); the causal relationship between them and the significance of which (so called "oxidative-stress kinase cascade" that appears to be responsible for a variety of complications observed in advanced stages of diabetes) are currently being studied in our laboratory.
Changes in the basal tone of vessels, as a function of iNOS-derived NO, were not observed in the present study in which basal tone was statistically identical in all groups. This phenomenon could be due to the coexistence of other altered constrictor mechanisms, such as changes in the prostanoid synthesis via upregulation of COX-2 derived constrictor agents (7, 39) or increases in endothelin production (7, 11, 27, 28) , all of which could affect vascular tone in diabetes.
Although 9M mice cannot be defined as aged animals, the concern about whether a natural maturity compromises vascular function may challenge our conclusions. To this end, our results indicate that all data obtained on SSID (Fig.  1) , superoxide production and NOXs expression (Fig. 3) , changes in p-eNOS and iNOS expression (Fig. 5) , as well as circulating glucose and insulin (Table 1) were comparable in vessels of 3M and 9M WT mice. This suggests that during this period, natural aging is unlikely to be responsible for the endothelial dysfunction, which is rather the consequence of the process of diabetes per se.
Perspective and Significance
We characterized complexities of endothelial dysfunction related to the changes in oxidative stress, NO bioavailability, and NOS signaling in different stages of diabetes. The endothelial dysfunction was reversible in the early stage of the disease when NADPH oxidase was inhibited. During the progression of the disease, specific upregulation of iNOS occurs, followed by increases in tyrosine nitration of eNOS, which, in turn, damages further eNOS activity, leading to an irreversible impairment of SSID. Results of our studies suggest that antioxidant therapy could be effective in the treatment of diabetes-induced cardiovascular dysfunction, especially in an early stage of diabetes; however, sophisticated therapeutic plans aimed to recruit eNOS function may be important in the treatment of more advanced diabetes. In this context, our next study will focus on specific mechanisms involving the contribution of iNOS to the deterioration of cardiovascular function, by chronic treatment of the late stage of db/db mice with iNOS inhibitors and/or peroxynitrite decomposition catalysts. We will then assess whether inhibition of iNOS, in addition to antioxidants is able to alleviate the endothelial dysfunction. These studies will highlight the functional significance of iNOS and protein nitration in diabetic progression and moreover, may provide new ideas for the development of effective therapeutic strategies for patients.
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